Introduction
Furthermore, it has been suggested that at the high local Thymidylate synthase (TS; EC 2.1.1.45) and dihydrofolate enzyme concentrations present in vivo (Srere, 1987) , the reductase (DHFR; EC 1.5.1.3) catalyze sequential reactions in monofunctional enzymes might associate (Kawai and Hillcoat, the de novo synthesis of thymidine-5Ј-monophosphate (dTMP) 1974; Mathews et al., 1988; Moen et al., 1988) and also be ( Figure 1 ). TS catalyzes the reductive methylation of 2Ј-capable of channeling H 2 folate (Stroud, 1994) . This hypothesis deoxyuridine-5Ј-monophosphate (dUMP) by 5,10-methylenecould also be tested by linkage of the two monofunctional 5,6,7,8-tetrahydrofolate (CH 2 H 4 folate) to produce dTMP and enzymes into a bifunctional protein. 7,8-dihydrofolate (H 2 folate), and DHFR catalyzes the subRecently the coding sequences of the E.coli DHFR and TS sequent NADPH-dependent reduction of H 2 folate to generate were linked in an expression vector in an attempt to produce 5,6,7,8-tetrahydrofolate (H 4 folate). Both TS and DHFR exist the bifunctional DHFR-TS homodimer (Iwakura and Kokubu, as distinct, monofunctional enzymes in sources as varied 1995). Upon expression, TS homodimer and TS-(DHFR-TS) as bacteriophage, bacteria, fungi, viruses and mammals heterodimer were isolated without the desired DHFR-TS (Ackermann and Potter, 1949; Blakley, 1984) . In most genera, homodimer. In the present paper, we describe the construction TS is a dimer of identical subunits of about 35 kDa (Carreras of a gene for a bifunctional E.coli DHFR-TS and its expression and Santi, 1995) whereas monofunctional DHFR is a monomer and purification as a catalytically active homodimer similar to of about 20 kDa (Blakley, 1984) . In contrast, TS and DHFR the natural protozoan enzymes. We present the kinetics of exist on the same polypeptide chain in protozoa (Ivanetich H 2 folate transfer between the TS and DHFR domains of and Santi, 1990) and higher plants (Lazar et al., 1993) . The the bifunctional enzyme and report that there is no kinetic bifunctional protein is a dimer of identical subunits with an channeling of H 2 folate. N-terminal DHFR domain connected to a TS domain by a linker of variable length depending on the source of the enzyme.
Materials and methods Substrate channeling has been proposed as a biological Materials advantage of bifunctional DHFR-TSs over their monofunctional counterparts (Meek et al., 1985) . Kinetic evidence for Escherichia coli strain DH5α, obtained from BRL, was used for general manipulation of recombinant plasmids. Escherichia substrate channeling of the H 2 folate produced by TS to the DHFR active site has been reported for the Leishmania major coli strain Thy -χ2913RecA (∆thyA 572, recA56) was used for expression of the engineered bifunctional DHFR-TS (Cliand Toxoplasma gondii DHFR-TSs (Meek et al., 1985; Trujillo et al., 1996) , but the mechanism of channeling remains mie et al., 1992) . pThyA, which contains the E.coli TS gene and a SacI site (bold) within the linker were introduced. P2 primed in the reverse direction on the TS coding sequence downstream from the BssHII site. The resulting DNA fragment was digested with XhoI and BssHII and cloned into pThyA to yield pTD1, which was checked by restriction analysis and DNA sequencing of the amplified region. The E.coli DHFR coding sequence was amplified by PCR using DH5α chromosomal DNA as a template. Two synthetic primers P3 (5Ј-CCCCGGTACCTCATGATCAGTCTGATTin Bluescript KS (Maley and Maley, 1988) , was a gift from GCG-3Ј) and P4 (5Ј-CCGGCTCGAGAATCTCAAAGCAAT-F.Maley. The expression vector pTrc 99A, which contains the AGCT-3Ј) were used. The P3 primer introduced a KpnI site lac I q gene and the trc promoter, was purchased from Pharma-(underlined) and a BspHI site (bold) at the beginning of the cia. General methods for ligation and transformation of E.coli DHFR coding sequence. P4, which includes a unique XhoI were performed as previously described (Sambrook et al., site (underlined) (Bradford, 1976) . SDS-PAGE was performed as A suspension of cells from 3 l IPTG-induced culture was lysed previously described (Read and Northcote, 1981) .
using a French press. High molecular weight nucleic acids Structure alignments were precipitated by the addition of streptomycin sulfate. The resulting supernatant was loaded at 4°C on a Q-Sepharose The UCSF MidasPlus software system from the Computer column (30 ml bed volume), which had been pre-equilibrated Graphics Laboratory, University of California, San Francisco, with buffer A (20 mM Tris-HCl pH 7.4, 1 mM EDTA and was used to obtain alignments of the crystal structures of 1 mM DTT). The column was washed extensively with buffer E.coli TS with 5-fluoro-2Ј-deoxyuridine 5Ј-monophosphate A containing 0.3 M KCl. The protein was eluted with a 300 (FdUMP) and 10-propargyl-5,8-dideazafolate (CB3717) bound ml linear gradient of 0.3 to 1 M KCl in buffer A. Escherichia (Fauman et al., 1994) and E.coli DHFR with folate and coli DHFR-TS eluted at approximately 0.7 M KCl. KCl was NADP ϩ bound (Bystroff et al., 1990) to the structure of added to the pooled fractions to a final concentration of L.major DHFR-TS with FdUMP and CB3717 bound to the 1.2 M KCl. The pool was loaded at 4°C on a phenyl-TS domains and MTX and NADPH to the DHFR domains Sepharose column (30 ml bed volume) that had been previously (Knighton et al., 1994) . The structures were matched by means equilibrated with buffer A containing 1.2 M KCl. The protein of a least-squares fit of the coordinates of the backbone α-did not bind well to the column and it was recovered in an carbons of three conserved active site residues and one initial wash of the column with buffer A containing 1.2 M additional conserved residue. The backbone α-carbons of the KCl. The protein was concentrated using Centriprep-30 from following residues were used for the TS alignment: C146, Amicon to a final volume of 10 ml. I264, E58 and L38 for E.coli and C400, I520, E292 and L271 for L.major. The backbone α-carbons of the following residues Enzyme assays were used for the DHFR alignment: G15, W22, T35 and F125
Thymidylate synthase activity was assayed spectrophotofor E.coli and G40, W47, T60 and F193 for L.major. The metrically by monitoring formation of H 2 folate at 340 nm distance between the DHFR C-terminus and the TS N-terminus (ε 340 ϭ 6400 M -1 cm -1 ) in 50 mM TES (pH 7.8), 0.1 mM of the matched monofunctional enzymes was then determined.
CH 2 H 4 folate, 0.1 mM dUMP, 75 mM 2-mercaptoethanol, Construction of expression vector pTDDHFR-TS 1 mM EDTA and 5 mM H 2 CO (Wahba and Friedkin, 1961) . DHFR activity was monitored by measuring the decrease in The 5Ј end of the E.coli TS gene was modified by PCR using pThyA as a template. Two synthetic primers P1 (5Ј-absorbance at 340 nm resulting from consumption of H 2 folate and NADPH (ε 340 ϭ 12 300 M -1 cm -1 ) in 50 mM TES ACCGCTCGAGCGTCGTGGTGCGAGCTCTGGTGAAAA ACAGTATTTAGAACTG-3Ј) and P2 (5Ј-CTGGTTCAG-(pH 7.0), 0.1 mM H 2 folate, 0.1 mM NADPH, 75 mM 2-mercaptoethanol, 1 mM EDTA and 1 mg/ml BSA (Hillcoat TACCGTAGT-3Ј) were used for the PCR amplification step. The P1 primer introduced several features: the C-terminus of et al., 1967) . For both TS and DHFR, one unit of enzyme activity is defined as the amount of enzyme that produces the coding sequence of DHFR with the stop codon removed, a linker region and the N-terminus of the coding sequence of 1 µmol of product per minute at 25°C. For determination of the steady-state kinetic parameters, the TS with the first methionine changed to a glutamate (underlined and bold). In addition, an XhoI site (underlined) for cloning concentration of one substrate was varied between approxi-mately 0.5 and 10 K m , with the other substrate fixed at 100 µM. C-terminus and the monofunctional TS N-terminus was determined to be about 10 Å. A linker composed of five amino The K m value for H 2 folate was determined using a 10 cm cuvette. Kinetic constants were calculated from a non-linear acids (GASSG) was used to connect the monofunctional E.coli DHFR and TS enzymes (Figure 3) . The distance between square fit to the Michaelis-Menten equation using Kaleidagraph (Abelbeck Software) on a Macintosh computer.
the C-and N-terminus of the linker in its fully extended conformation was about 18 Å, which is sufficiently long to Inhibition of DHFR by pyrimethamine (Pyr) was measured by varying the concentration of inhibitor in a reaction mixture allow the engineered E.coli DHFR-TS bifunctional enzyme to adopt the structure of the L.major bifunctional enzyme. containing 4.3 nM enzyme and 10 µM H 2 folate. The K i was calculated using the equation for competitive inhibition from Construction of expression vector pTDDHFR-TS Segel (Segel, 1975) .
The E.coli bifunctional DHFR-TS gene was successfully Coupled assay cloned under the control of the inducible trc promoter in pTrc 99A. The gene includes the coding sequence for E.coli DHFR The DHFR-TS coupled system was assayed by monitoring the decrease in NADPH absorbance at 340 nm in the absence with the stop codon removed, the coding sequence for the linker region and the coding sequence of E.coli TS with the of added H 2 folate (Meek et al., 1985) . The assay mixture containing 28 µM CH 2 H 4 folate and 30 µM NADPH in 50 mM TS starting methionine changed to a glutamate. This amino acid was selected because all TSs have either a starting TES (pH 7.8), 75 mM 2-mercaptoethanol, 1 mM EDTA, 5 mM H 2 CO, 1 mg/ml BSA and variable amounts of enzyme was methionine or an acidic residue at this position. incubated at room temperature until no change in absorbance Expression and purification of E.coli DHFR-TS at 340 nm was detectable. In this assay the formaldehyde Crude extracts of IPTG induced cultures containing reacts with H 4 folate to regenerate CH 2 H 4 folate, which makes pTDDHFR-TS were analyzed by SDS-PAGE. A protein band the assay cyclic. The reaction was initiated by addition of 25 representing~10% of the total soluble protein was detected µl of 8 mM dUMP (final concentration 200 µM), and the which migrated with a molecular mass of 48 kDa, the predicted decrease in absorbance was monitored at 340 nm (ε 340 ϭ 5900 size of the bifunctional protein. The soluble crude extract M -1 cm -1 ).
showed TS and DHFR activities of 0.08 U/mg and 0.1 U/mg, In addition, individual TS and DHFR rates of the bifunctional respectively, whereas no TS activity was detectable in the enzyme were determined under conditions of the coupled control crude extract from cells harboring pTrc 99A. assay, with the following modifications: for DHFR, dUMP Initial attempts to purify the bifunctional protein using a was omitted and 100 µM H 2 folate was included; for TS, MTX-Sepharose column were unsuccessful. The protein bound NADPH was omitted.
very tightly and could only be eluted by 0.01 M NaOH, which Analytical gel filtration destroyed its activity. Instead, the E.coli DHFR-TS was purified by treatment of the crude extract with streptomycin Gel filtration of E.coli DHFR-TS was performed on a Superose 12HR 10/30 column. One hundred µl of the purified enzyme sulfate followed by sequential chromatography on QSepharose and phenyl-Sepharose columns. A total of 16 (1 mg/ml) in buffer A containing 1.2 M KCl was injected, and the column was eluted with buffer A at a flow rate of 0.5 milligrams of apparently homogeneous protein was obtained (Figure 4) , with TS and DHFR activities of 1.1 U/mg and 2.5 ml/min. The column was calibrated with molecular weight standards of 43 to 2000 kDa. U/mg, respectively.
Characterization of E.coli DHFR-TS Results
The purified enzyme migrated as a single 48 kDa band on SDS-PAGE (Figure 4 ). It eluted from Superose 12HR 10/30 Structure alignments with an apparent molecular mass of~100 kDa, indicating that The monofunctional crystal structures of E.coli TS (Fauman the native protein was a dimer of identical subunits. et al., 1994) and E.coli DHFR (Bolin et al., 1982) were Kinetic parameters for DHFR and TS were determined for matched to that of L.major DHFR-TS (Knighton et al., 1994) the bifunctional protein (Table I ). The K m value for DHFR using the UCSF MidasPlus program. The alignment of the TS was 2.0 µM for H 2 folate and the k cat was 32 s -1 . The K m value domains yielded a root mean square error of 0.42 Å and that for TS was 4.3 µM for CH 2 H 4 folate and the k cat was 1.0 s -1 . of the DHFR domains gave an error of 0.67 Å. A similar
The IC 50 value for Pyr was determined in a reaction containing alignment of the monofunctional E.coli enzymes with the 10 µM H 2 folate. The K i was calculated to be 47 nM. These L.major protein has been performed by Stroud (see Figure 2 parameters are similar to those previously reported for the of Stroud, 1994 ) who compared the electrostatic potential E.coli monofunctional enzymes (Stone and Morrison, 1986 ; obtained for the E.coli enzymes to that obtained by Knighton for Howell et al., 1990; Zapf et al., 1993) . the L.major DHFR-TS (see Figure 6 of Knighton et al., 1994) .
The interface of the matched E.coli structures is shown in Coupled assay Figure 2 along with that of the L.major bifunctional enzyme.
A previously described coupled assay system (Meek et al., The fit of the two surfaces was achieved by choosing different 1985) was used to monitor the DHFR-catalyzed reduction of side chain rotomers of some interface residues. In this model, the H 2 folate formed by TS. The DHFR-catalyzed reaction there are no steric clashes or polarity problems apparent converts NADPH to NADP ϩ , and the resulting decrease in between sidechains of the two monofunctional enzymes. Two the concentration of NADPH can be monitored at 340 nm. sets of surface sidechains of opposite polarity are close enough Under steady state conditions, Equation 1 describes the time together that it would be possible for them adopt conformations course of NADP ϩ formation (Easterby, 1973; Rudolph et al. , that would permit charge interactions across the interface 1979; Meek et al., 1985) . (DHFR D157 with TS R225 and DHFR K109 with TS D253).
The modelled distance between the monofunctional DHFR [ The structures of the monofunctional enzymes were aligned as described in the text. The structures are as described (Bolin et al., 1982; Fauman et al., 1994) except that different sidechain rotomers of some surface residues have been chosen to avoid steric clash (DHFR Q108, D87, E134 and R158 and TS E250 and E223). (b) Stereoscopic image of the interface of L.major DHFR and TS shown for comparison.
Fig. 3. Engineered bifunctional E.coli DHFR-TS with linker (empty boxes).
The first methionine of wild-type TS was changed to a glutamate (shaded box).
In this equation, K m is the K m for H 2 folate, v 1 is the rate of TS under conditions of the coupled assay, and v 2 is the rate of DHFR under near-saturating concentrations of substrates. In a plot of [NADP ϩ ] versus time, extrapolation of the linear portion of the curve to the horizontal axis provides the lag time (K m /v 2 ) that precedes attainment of the steady-state concentration of H 2 folate and extrapolation to the vertical axis In a coupled assay in which the two enzymes do not channel between the enzyme's TS and DHFR active sites. The coupled assay was then carried out with the E.coli bifunctional DHFRtime and steady-state H 2 folate concentration will match those values calculated using Equation 1, while in an assay in which TS, using a preparation of the enzyme in which the TS rate was 0.11 µM/min and the DHFR rate was 0.55 µM/min (Figure the enzymes do channel, both values will be reduced from those calculated using Equation 1. 5). In this case, both the experimentally determined and the calculated lag times were about 220 s, suggesting that there The coupled assay was first performed using a mixture of the monofunctional E.coli enzymes, such that the TS rate was was no kinetic channeling of H 2 folate from the active site of TS to that of DHFR. The experimentally observed steady-state 0.53 µM/min and the DHFR rate was 1.43 µM/min (Table II) . The experimentally determined values of 150 s for the lag concentration of H 2 folate of 0.43 µM was essentially the same as the calculated value of 0.40 µM, confirming that the fusion time and 1.14 µM for the steady-state concentration of H 2 folate are similar to those calculated using Equation 1 (126 s and of the DHFR and TS enzymes does not affect the rate of H 2 folate transfer between the two active sites. 1.11 µM, respectively), confirming the validity of the equation under our experimental conditions for a non-channeling system. Discussion As a control for a channeling system, the bifunctional DHFR-TS from T.gondii was used in the same It has been shown that both the L.major and T.gondii bifunctional DHFR-TSs channel the intermediate, H 2 folate, between assay; in that case the lag time was below our detection limit of about 20 s (data not shown) indicating that H 2 folate channels the TS and DHFR active sites of the enzymes (Meek et al., 1985; Trujillo et al., 1996) . In the crystal structure of the homodimeric DHFR-TS does not channel H 2 folate from the L.major protein, the active sites within a subunit are separated active site of TS to that of DHFR. by a distance of about 40 Å and those on opposite subunits Because our engineered bifunctional E.coli DHFR-TS does are separated by about 70 Å (Knighton et al., 1994 , 1996) . Finally, our finding that the conversion of the electrostatic pathway or by way of a hinging mechanism which E.coli monofunctional DHFR and TS to a bifunctional DHFRwould allow the active sites to approach each other. An TS does not result in kinetic channeling contradicts proposals approach to testing this hypothesis is to join E.coli DHFR and that high concentrations of the monofunctional enzymes might TS via an appropriate linker and to determine whether the facilitate substrate channeling in vivo. resulting engineered bifunctional protein channels H 2 folate.
In a recent study by Iwakura and Kokubu, the E.coli
